INTRODUCTION
Regional climate controls the frequency of fire in coniferous forest ecosystems by affecting the fuel moisture content and the probability of lightning. Indirectly climate also determines the fuel type and the rate of decomposition. After Europeans occupied North America, it has generally been thought that man supplanted climate as the primary determinant of fire frequency. It is commonly believed that during early European exploration, settlement and development, the frequency of fires increased (Nelson & Byrne 1966; Tande 1979) , and in recent decades with increasing conservation policies, the frequency of fire has decreased through fire suppression. Although this interpretation seems logical, it has often been difficult to produce evidence for particular areas which unambiguously supports it. However, the fire-history methods of Heinselman (1973) and Johnson & Van Wagner (1985) can be used to investigate the effects of both climate and man on the fire frequency. This method quantifies the temporal and spatial fire frequency of an area and can establish the causes of temporal and landscape changes in fire frequency.
In coniferous forest ecosystems a fire history can be produced by mapping stands with differing ages of origin. The stand-origin map gives the age mosiac of the forest since it last burned as determined from fire scars, tree-ring growth release, total tree ages and fire records. The fire frequency distribution is plotted as a negative exponential survivorship curve, called the time-since-fire distribution by Johnson & Van Wagner (1985) . The distribution is defined by the fire cycle which is the time taken to burn an area equal to the study area. Consequently, during each fire cycle some areas may burn more than once and some not at all.
The construction of the Canadian Pacific Railroad through Rogers Pass in the Columbia Mountains of British Columbia during the 1 880s defines an area of known age in which the impact of European land use on fire frequency may be studied. Several hypotheses may be tested: before the construction of the railroad the fire cycle was long, during railroad construction the fire cycle was shorter, and after the establishment of the area as Glacier National Park in 1988, the fire cycle was even longer than it had been before European occupation.
STUDY AREA
Glacier National Park (1350 km2 total, 600 km2 of forested land) is in the Columbia Mountains of south-eastern British Columbia (Fig. 1) . The Beaver Valley in Glacier National Park separates the Purcell Mountains to the east and the Selkirk Mountains to the west. Except for the railroad and highway in the Rogers Pass Corridor, the rest of the Park is accessible only by primitive trails.
The climate has a wet and dry season. In the wet season, fire is rare and it is in the dry season that fires occur. The wet season extends from October to March (Fig. 2) and is the result of a large number of low-pressure systems moving eastward from the Pacific Ocean. These low-pressure systems are more frequent during the winter because of a stationary low off the coast of British Columbia. In summer, this stationary low moves northward and the storms are deflected north of the Columbia Mountains. This leads to relatively long periods of warm-dry weather from June to August (Fig. 2) .
Fire occurrence in Glacier National Park starts in April and ends in September ( 
METHODS
Fire frequency in Glacier National Park was estimated from a stand-origin map (sensu Heinselman 1973), which is not reproduced here because of its large size. The stand-origin map was constructed by (i) using aerial photographs to identify areas which possibly differed in age, (ii) field sampling to gather data on fire ages and to delineate the fire boundaries, and (iii) compilation of the aerial-photograph interpretations and field sampling on to a 1: 50 000 scale stand-origin map.
Black-and-white aerial photographs of 1:40000 scale, taken in 1947 and 1978, were used for initial location of past fire boundaries. On the aerial photographs, differences in tree height were used to locate fire boundaries, although in older forests tone and texture were more important. The small scale and often poor quality of the photographs made interpretation difficult.
The boundaries of ages are inexact if based only on aerial photographs. Consequently, more than 500 point-samples (sensu Johnson & Van Wagner 1985) were distributed throughout the Park to improve the identification of fire boundaries and to date the fires (Fig. 1) . In each point-sample (approximately 10 ha), the date of the last fire was obtained from any available reliable evidence. This evidence consisted of any combination of fire scars, maximum tree ages, growth release in trees which survived the fire, dendrochronologically cross-dated fire-killed trees, fire reports and historical accounts. Attempts were made to replicate evidence of fire in and between point-samples (McBride 1983) .
Whole discs from trees were used when possible to date fires to ensure that locally missing rings were discovered. Increment cores and wedges were used when whole discs were not available. Both red cedar and western hemlock were often rotten in the centre and rarely dateable. All discs, wedges and cores were prepared by mechanical sandpapering and finished with fine sandpaper or a razor blade. All samples were ring counted at least four times and a few were cross-dated against a master chronology (cf. Fritts 1976) . The dates of fires on the stand-origin map were often precise to within the year for recent fires, while older fires were precise to about a decade. The fire frequency distribution was estimated with this precision in mind.
The stand-origin map was drawn from the aerial-photograph interpretations and the point-sample data of fire boundaries and dates. The aerial-photograph data were transferred to a 1: 50 000 topographic map using an Alterbury Port-a-Scope. Landmarks visible on both the aerial photographs and the base-map were used to improve the positioning of the fire boundaries. The areas of differing fire ages were estimated from the map using a Zeiss MOP digitizer.
The fire frequency distribution was analysed as follows. The time-since-last-fire dates on the map were grouped into twenty-year age classes. This grouping takes into account the fact that all the fire dates are not equally reliable. For example, samples dated from the oldest trees give only the date of the earliest surviving recruitment, i.e. the data can be considered left-censored (Lawless 1982) .
The stand-origin map and resulting dates and area were divided into a combination of spatial divisions which reflected altitude, aspect, valley systems or climatic boundaries in the Park. These spatial units were then tabulated and plotted on semilog paper. The estimate of the fire frequency for each twenty-year age class is the cumulative proportion of the area on the stand-origin map for that specific age class. The semilog plots of the spatial divisions of the Park show a temporal break in the slope of the time-since-fire distributions indicating a change in fire frequency or a mixed timesince-fire distribution. The latter is simply a multi-model distribution, i.e. a mixture of more than one homogeneous time-since-fire distribution. For further discussion see Lawless (1982) . The partitioning of the mixed time-since-fire distribution used a graphic method described by Kao (1959) . The procedure is as follows: the total time-since-fire distribution was plotted on semilog paper, and lines tangential to different sections of the distribution were drawn. These lines represented the new distributions. By tracing from the intersection of these lines to the right, the percentage of samples in each distribution could be read. Multiplying this by the total number of samples, the number of samples in each new distribution was determined. Each of these new distributions was then plotted as a cumulative percentage of their total to give the new distributions.
The parameter of the negative model was estimated by Maximum Likelihood. Goodness-of-fit was tested using a WE test (Hahn & Shapiro 1967) . The likelihood ratio test (Cox 1953 ) was used to compare two distributions.
Fire records from the Park were examined to determine the length of the fire season, the geographic distribution and the causes of fire (M. J. Heathcott & E. A. Johnson, unpublished report to Parks Canada).
RESULTS AND DISCUSSION

Changes in frequency offire
The time-since-fire distribution identifies periods of change in fire frequency from 1520 to the present. The time-since-fire distribution for Glacier National Park has a major break in slope in the mid-i 700s (Fig. 4a) . This change in slope indicates a mixed timesince-fire distribution and a change in fire frequency. To establish whether the break in slope in the mid-i 700s was caused by spatial or altitudinal heterogeneity (remember, spatial heterogeneity in the fire frequency can only manifest itself in the bimodality of the time-since-fire distribution, just as a temporal change will), the Park was divided spatially into the Beaver River and Mountain Creek Watersheds and Rogers Pass Corridor and altitudinally into two zones at 1800 m. None of these divisions or their combinations gave a reasonable graphical fit to a negative exponential distribution.
Because spatial and elevational partitions still gave mixed time-since-fire distributions, the next partition was a temporal division at 1760 where the break in slope occurred. Both periods, before and after 1760, fit a negative exponential (oc < 0 05), and the two fire cycles were significantly different (oc <0 05). The fire cycle for the period 1760-1988 was 110 years and the fire cycle for 1520-1760 was 80 years. Examination of Fig. 4(b) revealed that besides the general trends, there were small deviations caused by periods in which fires burnt greater and smaller areas. For example, in Fig.4 (b) the decades around 1880, 1730, 1650 and 1630 appear to have been periods where larger areas burned. Of these periods, only the 1880s correspond to a period of European activity (railroad construction). Notice there was no significant decrease in fires after the establishment of the Park in 1888.
A change in the fire frequency in the mid-1700s has also been identified in fire frequency studies of the Main and Front Ranges of the Rocky Mountains (Johnson & Fryer 1987 ; Masters, unpublished report to Parks Canada). The period 1760-1988, with a fire cycle of 110 years, in Glacier National Park is correlated with the cooler, wetter period during which glaciers showed major advances and the period 1520-1760, with a fire cycle of eighty years, reflects a warm, dry period preceding these glacial advances (Osborn 1982; Luckman 1986; Osborn & Luckman 1988) .
The good fit of the temporal divisions to the negative exponential distribution in Fig. 4(b) indicates that the entire Park is subject to the same fire regime (although this fire regime changes at 1760) and consequently there are no topographic or spatial differences in fire frequency. Thus, every stand has an equal probability of burning. The change in fire cycle in the mid-1700s appears to be related to a major change in climate associated with the Little Ice Age. During the period of European occupation after the 1880s, there is no significant change in the fire cycle.
The rest of this paper will address the commonly accepted explanation of European effects on fire frequency and explain why it is not applicable here. An alternative explanation of European intervention and its effect on fire frequency is also presented. (1883, 1885, 1886) in the Rogers Pass Corridor. These fires all burned primarily on the drier (rain shadow) side of Rogers Pass. It is impossible to determine whether they were caused by Europeans or lightning, or both. Traditionally, railroad construction is blamed, although lightning fires also occurred in these years and in areas where there was no European activity. For example, in the Mountain Creek area, there were fires in 1886 and we know with reasonable certainty that there was no European activity in this valley at that time. Johnson (unpublished report to Parks Canada) and should be considered rough estimates.
Effects of the European invasion onfires
Railroad construction is blamed for causing fires because the surveying, clearing and construction of the railroad led to more opportunities for fires. It is coincidental that this period of construction corresponded to a period with more lightning fires; there had also been a high incidence of lighting fires in 1730, 1650 and 1630. However, the impression should not be given that there was a cavalier attitude of the railroad towards fires during this period. Bridges and other right-of-way structures of the railroad were made of wood and were often destroyed by fire. Consequently, most of the railroad-caused fires would have been unintentional and not deliberately set.
Clearly, one of the most common causes of fire must have been sparks from wood and coal-burning engines. In recent years, sparks and hot pieces of broken brake shoes have been the causes of fire on steep gradients (M. J. Heathcott & E. A. Johnson, unpublished report to Parks Canada). Railroad-caused fires occur early in the spring when the grassy fuels on the right of way are dry, and will easily support low-intensity ground fires. The forest at this time is snow-covered or still too wet to support fire. Even now, as Fig. 6 shows, man-caused fires are distributed only along the railroad, particularly along the steep gradients, while lightning-caused fires are more evenly distributed throughout the Park.
Europeans have had a small effect on fire frequency because they have not consistently burned a large enough area. For instance, if the lightning fire cycle is 110 years, in order for Europeans to shorten the fire cycle to say eighty years, an area of 20 km2 must be burned every ten years in addition to the 55 km2 that is being burned in the same period by lightning. Since the 1 880s, man has only caused 1 5 km2 to burn, much less than 1 % of the area. What is important in changing fire frequency is the size of the area burned and not the number of fires.
Furthermore, land-use by Europeans was controlled by the Dominion Lands Act of 1879 which excluded permanent settlement and ranching, and restricted logging to railroad rights of way, and then by the subsequent establishment of Glacier National Park in 1888. In addition, the Park is rugged and isolated; consequently European access was limited and circumstances discouraged the kind of land use that would have increased fire frequency (e.g. extensive clear-cutting and improper slash disposal) or decreased it (e.g. fire-suppression efforts). The effect of weather on the spread offire These data show that Europeans have not increased fire frequency as suggested in the Introduction. The only effect Europeans had was during construction of the railroad, and even this period of increased fires did not significantly increase regional fire frequency. Furthermore, since the establishment of Glacier National Park, fire suppression has not reduced the areas burned during periods of serious fire-risk weather. Therefore, it appears that in order for Europeans to increase the fire frequency, they must start fires systematically during all (or a large portion) of these dry periods. Similarly, in order to decrease the fire frequency, they must be able to suppress fires during these periods. The problem is to change our viewpoint of fires so as to understand that only during certain fuel-moisture conditions are larger fires possible.
Fuel drying, ignition and rapid fire spread are related in Glacier National Park to a characteristic synoptic weather pattern (Pacific Southwest Forest & Range Experiment Station 1964; Nimchuk 1983; Fryer & Johnson 1988) . In Glacier National Park, the critical weather is associated with a surface high-pressure system which establishes itself over the interior of British Columbia and Alberta. This surface high-pressure system creates a stationary ridge in the westerly circulation and blocks the normal flow of moist Pacific air from the coast, steering it north and south of the Columbia Mountains. The fire season (Fig. 3) corresponds to the development of this ridge in June and its disappearance in autumn. The ridges bring clear, dry, warm weather with very little wind. These ridges, which block the westerly flow, are replaced at intervals by rapidly moving upper-level troughs which produce surface low-pressure systems. When weak, these cold lows can produce lightning, a decrease in temperature, and higher-speed, erratic winds but little precipitation. Stronger low-pressure systems will produce abundant precipitation.
The critical fire weather in Glacier National Park is marked by of fuel drying during the period when westerly Pacific airflow is blocked by the stationary ridge. This can last from a few days to several weeks, and one or more episodes of this ridge by upper-level troughs will cause lightning and high winds. It is during the breakdown of the ridge that most serious fires ignite and spread rapidly (Nimchuk 1983; Fryer & Johnson 1988) . The critical fire weather is usually ended by the dominance of the upper-level trough which brings rain. The year 1971 exemplifies this pattern (M. J. Heathcott & E. A. Johnson, unpublished report to Parks Canada).
CONCLUSION
In coniferous ecosystems such as Glacier National Park, the spread of fire is rapid and almost impossible to contain during periods of critical fire weather. Thus, in order to reduce the fire frequency below that of the natural fire regime, fires must be suppressed at such times. Similarly, in order to increase the fire frequency above the natural fire regime, Europeans would have had to start fires which consistently burned significant areas during these same weather periods. Generally, European-caused fires in Glacier National Park are accidental, not systematic or repeated, and have not significantly affected the fire frequency.
